Study Design: Retrospective case series. Purpose: To examine the efficacy of platelet-rich plasma (PRP) for bone fusion in transforaminal lumbar interbody fusion (TLIF) using local bone grafting. Overview of Literature: Several authors have reported the efficacy of PRP for bone union in animal models. However, the use of PRP for bone fusion in TLIF surgery has not been fully explored. Methods: Twenty patients underwent single-level TLIF surgery because of L4 spondylolisthesis. An interbody fusion cage and local bone were used in nine patients (control group) and an interbody fusion cage, local bone, and PRP were used in 11 patients (PRP group). PRP was prepared from the patients' blood samples (400 mL) immediately before surgery. The duration of bone union and postoperative bone fusion rate were assessed using plain radiography at every 3 months postoperatively and computed tomography at 12 or 24 months postoperatively, respectively. Lower back pain, leg pain, and leg numbness were evaluated using the visual analog scale preoperatively and at 3, 6, 12, and 24 months postoperatively. Results: The platelet count was 8.7 times higher in PRP than in blood. The bone union rate was significantly superior in the PRP group than in the control group (91% and 77%, respectively; p=0.035), whereas the average duration of bone union was not significantly different between the groups (7.7±0.74 and 10.0±2.00 months, respectively; p=0.131). There was no significant difference in lower back pain, leg pain, and leg numbness in both groups during follow-up (p>0.05). Conclusions Our study suggests that the use of PRP in TLIF surgery increases bone fusion rate.
Introduction
The use of autologous iliac crest bone is the gold standard for spinal bone fusion; however, many authors have reported complications such as risk of infection, hematoma, fracture, wound healing problems, and donor site pain [1, 2] . To avoid these complications, local bone, ceramics, demineralized bone matrix, and bone morphogenetic proteins have been used for lumbar fusion [3] . However, neck swelling, ectopic bone formation, radiculitis, and retrograde ejaculation have been reported with regard to bone morphogenetic proteins [4] . Furthermore, the use of bone morphogenetic proteins is not allowed in some Asian countries.
Platelet-rich plasma (PRP) has recently been used for muscle, tendon, and bone healing. Even a small amount of PRP contains a high concentration of platelets and osteoinductive autologous growth factors such as platelet-derived growth factor and transforming growth factor beta [5, 6] . The use of PRP along with local bone for posterolateral lumbar fusion (PLF) enhanced bone fusion, and PRP combined with hydroxyapatite for posterior lumbar interbody fusion (PLIF) also enhanced bone fusion in a rat model [7, 8] . Some authors have reported the use PRP for PLF or anterior or posterior interbody fusion; however, the results are controversial [9] [10] [11] [12] [13] [14] [15] . Another major issue is the lack of controlled clinical trials to evaluate how PRP increases the rate of spinal fusion and to what extent [16] . Furthermore, most studies have used PRP along with autologous iliac crest bone to achieve bone fusion [9] [10] [11] [12] [13] [14] [15] .
The purpose of the present study was to examine the clinical efficacy of PRP for bone union after transforaminal lumbar interbody fusion (TLIF) surgery using local bone grafting.
Materials and Methods

Patients
The subjects of the present study included patients from our hospital diagnosed with lumbar spinal stenosis with L4 or L5 spondylolisthesis and instability between July 2009 and November 2015. Spinal instability was defined as >5% of anterior translation of the vertebra and >5° of translocation between the flexed and extended positions on lumbar radiographic examination. Patients with more than two-level pathological lesions, past lumbar surgery, or other infectious or inflammatory diseases, such as spinal tumors, infection, and trauma, were excluded. In this retrospective case-control study, 20 patients underwent single-level TLIF surgery. An interbody fusion cage and local bone were used in nine patients (control) and an interbody fusion cage, local bone, and PRP were used in the other 11 patients (PRP group).
PRP preparation
Immediately before surgery, 400 mL of peripheral venous blood was taken from each patient for PRP preparation. The blood was processed using a two-stage centrifugation method (CR7B3; Hitachi Koki Co. Ltd., Tokyo, Japan).
The first centrifugation was performed at 1,660 rpm for 5 minutes. Consequently, the plasma was separated from the red blood cells. The second centrifugation was performed at 1,450 rpm for 15 minutes to pellet the platelets. The pelleted platelets were temporarily isolated from the supernatant platelet-poor plasma (PPP). To adjust the PRP volume, a portion of PPP was mixed with the pelleted platelets. Finally, 22 mL of PRP was generated, of which 2 mL was used to count the number of platelets using a hematology analyzer.
During surgery, 0.5 mL of 1,000 U/mL liquid thrombin solution (Mochida Pharmaceutical Co. Ltd., Tokyo, Japan) and 1 mL of 2% calcium chloride solution (Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan) were added to the remaining 20 mL of PRP to activate the platelets and prepare a PRP gel mixed with the autogenous local bone graft for insertion into the interbody fusion cage. Red blood cells were returned to patients intravenously during surgery.
Surgical technique
Conventional single-level TLIF was performed using pedicle screws and local bone graft. No additional osteoconductive products were used for the spinal fusion. In the PRP group, 10 mL of activated PRP was added with local bone into the cage (PRP was not used in the control group). The same team of surgeons performed all surgical procedures in a similar manner using CAPSTONE (Medtronic Inc., Memphis, TN, USA) for the cage and CD Horizon Legacy (Medtronic Inc.) for the pedicle screw fixation systems.
Outcome measurements
1) Quantification of platelet count
After PRP preparation, platelets in whole blood and PRP were counted using a hematology analyzer (K-4500; Sysmex Corp., Kobe, Japan).
2) Assessment of final bone union rate The final bone union rate and area of bone union between the L4 and L5 vertebrae were assessed at 12 or 24 months postoperatively using coronal-plane three-dimensional computed tomography (CT) reconstruction. Bone union assessed using CT was defined as bridging bone remodeling occurring between the adjacent vertebrae. If cyst for-mation between the adjacent vertebrae and pedicle screw loosening was observed using CT, we defined this as non-union. Evaluation was performed by three surgeons blinded to the condition. Fusion was defined as at least two observers simultaneously detecting bone fusion.
In order to assess the reliability of the bone fusion, two independent observers classified each case twice within a 1-week interval to measure intra-and inter-observer differences. The weighted kappa coefficient (κ) was calculated for each spine surgeon based on their first and second observations for within and between comparisons. κ varies between 0 and 1; the greater the value of κ, the higher the agreement rate. 3) Assessment of duration of bone union Duration of bone union was assessed over a period of 24 months postoperatively using lateral flexion-extension radiographic images. Radiological findings were obtained every 3 months postoperatively. Radiographic spinal union was defined as <1.0° instability between the flexed and extended positions. The assessment of duration of bone union was blinded and performed by three different surgeons. The time to bone union was the period between surgery and when at least two observers simultaneously detected bone fusion.
4) Clinical evaluation
We evaluated the changes in lower back pain, leg pain, and leg numbness preoperatively and at 3, 6, 12, and 24 months postoperatively. To evaluate pain, the Visual Analog Scale (VAS) scores (0, no pain; 10, worst pain) for lower back pain, leg pain, and leg numbness were recorded and compared.
Statistical analysis
Student t-test with standard error of mean (SEM) was used to assess the statistical significance of data. SEM was calculated using the standard error of proportions. All data were statistically evaluated using IBM SPSS software ver. 19.0 (IBM Corp., Armonk, NY, USA). p<0.05 was considered significant.
Results
Demographic data
Patients' demographic data are shown in Table 1 . There was no significant difference in the number of patients, sex, average age, and number of fixation levels between the control and PRP groups (p>0.05).
Platelet-rich plasma and blood serum platelet counts
Mean±SEM blood serum platelet and PRP platelet counts were 25.3±2.94 (×10 4 /μL) and 189.7±34.10 (×10 4 /μL), respectively. The platelet count in PRP was 8.7 times higher than that in blood (p<0.05) ( Table 2 ).
Assessment of final bone union rate and period to fusion
The κ values of the bone fusion for intra-and inter-observers ranged from 0.81 to 0.85, indicating almost perfect agreement. Fig. 1 and Table 3 show the results of the radiographic and CT evaluations of spinal fusion. Two years postoperatively, CT showed that 77% of the segments ex- hibited fusion between the vertebrae in the control group, whereas 91% of the segments exhibited fusion in the PRP group. The rate of bone fusion in the PRP group was significantly greater than that in the control group (p=0.035) ( Table 3 ). The mean time required for bone union was 10.0±2.00 and 7.7±0.74 months in the control and PRP groups, respectively ( Table 3 ). The mean time required for bone union tended to be shorter in the PRP group compared with the control group, but the fusion period was not significantly different between the groups (p=0.131) ( Table 3) . 
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Visual Analog Scale pain score
The VAS scores for lower back pain, leg pain, and leg numbness were not significantly different between the two groups preoperatively (p>0.05) (Fig. 2) . The three VAS scores significantly improved postoperatively compared with preoperatively in both groups (p<0.05) (Fig. 2) . However, during 24-month follow-up postoperatively, the three VAS scores were not significantly different between the two groups (p>0.05) (Fig. 2) .
Discussion
In the present study, addition of PRP in TLIF surgery promoted bone fusion during a 2-year follow-up period. However, the use of PRP did not significantly shorten the time to bone union nor was there any significant difference in lower back pain, leg pain, and leg numbness in either group during follow-up. The platelet count was higher in PRP than in blood. These results suggest that the use of PRP in TLIF surgery can significantly promote bone fusion, but it did not reduce the time required for bone union or pain postoperatively. Regarding spinal surgery, Lowery et al. [11] first reported 19 cases of lumbar spinal fixation using platelet concentrates (posterior fusion, n=15; anterior intradiscal fusion, n=4). In five patients, bone union was confirmed at the time of the second surgery, whereas in the remaining 14 patients, bone union was confirmed using radiographic assessment [11] . Meanwhile, Weiner and Walker [12] examined the fusion rate in single-level PLF using iliac crest bone graft or iliac crest bone graft plus platelet concentrates. They concluded that the use of platelet concentrates resulted in inferior fusion rates compared with autogenous bone graft alone [12] . Carreon et al. [13] compared 76 consecutive patients who underwent instrumented PLF with autologous iliac crest bone graft mixed with platelet concentrates with a control group who underwent the same surgery with autologous bone graft alone and concluded that platelet gel failed to enhance fusion rate. In the present study, the use of PRP for TLIF surgery improved fusion rate, which is not consistent with PLF surgery data. Previous authors used autologous iliac crest bone graft for fusion; however, we used local bone graft for fusion. In addition, we speculated that PRP added during PLF diffused to other areas and did not fully achieve fusion in PLF.
In contrast, several authors have reported the efficacy of PRP for interbody fusion surgery [9, 10] . Twentythree patients who underwent TLIF with PRP application A B C and a historical cohort (without PRP application) with a minimum of 2-year follow-up were compared [9] . Our study indicates that the platelet concentration of PRP was 4.8-fold higher than that of normal serum and that PRP can lead to faster fusion [9] . Thirty-seven patients who underwent anterior-posterior interbody fusion using iliac crest bone graft or allograft combined with PRP were evaluated for 2 years [10] . Radiographic results confirmed an 85% arthrodesis rate for the autograft patients, whereas PRP patients had an 89% fusion rate, indicating that PRP combined with an appropriate carrier is a reasonable alternative to autograft [10] . The results of the present study demonstrate that PRP along with autologous local bone better enhances the bone fusion rate compared with the control. A clinical and radiological trial in 40 patients showed that the use of PRP added to autograft iliac crest bone in PLIF did not lead to a superior fusion compared with autologous bone only [15] . In this study, the platelet concentration was unclear [15] . It has been suggested that at least five times the amount of platelets per cubic millimeter of peripheral blood is needed in the autologous platelet concentrate in order for it to be effective. It is also known that 95% of factors are released within the first hour, but platelets synthesize and secrete new factors for several days once the autologous platelet concentrate has been installed over the tissue to heal [18] . In the present study, the platelet count in PRP was 8.7 times higher than that in blood; thus, we speculate that the ideal platelet concentration in PRP should be >5.0-9.0 times more than that in the blood. In the present study, despite the significant difference in fusion rate, there was no significant difference in VAS score between the two groups during follow-up. Some authors have reported a discrepancy between bone union and clinical results [19, 20] . In lumbar posterior fusion surgery, successful fusion was not related to patient outcome [19] , and pseudoarthrosis of the fusion mass was seen in 36% of patients postoperatively; however, clinical results were excellent because the development of fibrous union appeared to provide sufficient structural support [20] . Therefore, we conclude that our findings are supported by these earlier findings.
The present study has several limitations. First, the number of patients was small and this was a non-prospective randomized study. Second, the amount and quality of the local autograft were not uniform between patients, but this limitation existed in both treatment groups. Finally, we did not measure the concentration of growth factors in PRP. Further studies are required to support our hypothesis.
Conclusions
In conclusion, addition of PRP with a platelet count 8.7 times higher than that in the blood promoted bone fusion in TLIF surgery during a 2-year follow-up. However, use of PRP did not significantly shorten the time taken for bone union nor was there a significant difference in lower back pain, leg pain, and leg numbness in both groups during follow-up. These results suggest that the use of highly concentrated PRP in TLIF surgery can significantly promote bone fusion but does not reduce the time required for bone union or the pain postoperatively.
